telangiectasia. Here we demonstrate that Nbs1-null B cells are defective in the activation of ataxia-telangiectasia-mutated (Atm) in response to ionizing radiation, whereas ataxia-telangiectasia-and Rad3-related (Atr)-dependent signalling and Atm activation in response to ultraviolet light, inhibitors of DNA replication, or hypotonic stress are intact. Expression of the main human NBS allele rescues the lethality of Nbs1 −/− mice, but leads to immunodeficiency, cancer predisposition, a defect in meiotic progression in females and cell-cycle checkpoint defects that are associated with a partial reduction in Atm activity. The Mre11 interaction domain of Nbs1 is essential for viability, whereas the Forkhead-associated (FHA) domain is required for T-cell and oocyte development and efficient DNA damage signalling. Reconstitution of Nbs1 knockout mice with various mutant isoforms demonstrates the biological impact of impaired Nbs1 function at the cellular and organismal level.
. Progress in understanding the role of MRN in mammalian cells has been hampered because loss-of-function mutations lead to early embryonic lethality in vertebrates [3] [4] [5] [6] . However, partial disruption of MRN function can be compatible with viability. In humans, hypomorphic mutations in NBS1 and MRE11 result in NBS and ataxia-telangiectasia-like disorder (ATLD), respectively 1, 2 . Ninety-five per cent of NBS patients carry a 5-base-pair (bp) deletion (657∆5) in exon 6 of the NBS1 gene, which results in the expression of two truncated proteins with relative molecular masses of 70,000 (M r 70K) and M r 26K (ref. 7) . The 26K protein contains aminoterminal FHA and Brca1 carboxy-terminal (BRCT) domains, which are required for the MRN complex to accumulate into nuclear foci in response to irradiation 1, 2 . The C-terminal species with M r 70K (Nbs1 ) is produced by an alternative initiation of translation upstream of the 5-bp deletion 7 , and contains Atm phosphorylation sites and the domains necessary for Mre11 interaction and Atm recruitment to double-stand breaks (DSBs) 1, 2, 8 . Although Nbs1 domains have been characterized in vitro, it remains unclear which regions are critical for Nbs1 function in vivo.
Two viable mouse models that harbour N-terminally truncated forms of Nbs1 have been characterized 9, 10 . In Nbs1 ∆B/∆B mice, replacement of exons 4/5 in Nbs1 by the neomycin resistance gene, and deletion of the BRCT domain, results in the expression of a truncated protein with M r 80K (ref. 10) , whereas a protein with M r 75K is detectable in Nbs1 m/ m mice that carry a disruption of exons 2 and 3 (ref. 9 ). Both mouse mutants recapitulate some of the phenotypes that are found in NBS patient cells, including cell-cycle checkpoint defects, but there are also notable phenotypic differences to human patients. For example, whereas NBS patients are prone to B-cell lymphomas, Nbs1 m/m mice develop thymic lymphomas, and Nbs1 ∆B/∆B mice are not susceptible to cancer. Moreover, growth retardation, female infertility, spontaneous chromosome instability and immunodeficiency, characteristics of Nbs1 m/m mice and NBS patients, were not observed in Nbs1 ∆B/∆B mice. The basis for these differences is unknown, but neither mouse model produces the authentic Nbs1 p70 mutant protein species found in NBS cells. Nbs1 is not only a target of Atm-dependent phosphorylation, but it is also required for the dissociation of inactive Atm dimers, for facilitating Atm accessibility to protein substrates, and for optimal activation of Atm in response to irradiation [11] [12] [13] [14] [15] [16] [17] [18] [19] . In NBS and ATLD cells, the impairment in Atm activation is partial 13, 16, 20 , the phosphorylation of some substrates (for example, p53) is normal 21 , and the extent of the checkpoint defect is less severe than in ataxia-telangiectasia cells 22 .
This could either reflect the incomplete penetrance of the NBS and ATLD hypomorphic alleles, or indicate that MRN-independent DNA damage sensing pathways trigger Atm activation.
Here we provide a comprehensive analysis of the domains that are critical for Nbs1 function in vivo. NBS is accurately modelled by hNbs1 657∆5 mNbs1 −/− mice (abbreviated to hNbs1 657∆5 hereafter), which express the human 5-bp deletion hypomorphic allele. Reconstitution of Nbs1 −/− mice with an hNbs1 mutant lacking the Mre11 binding domain fails to rescue the lethality of the null allele. Consistent with the viability of NBS patients, hNbs1 657∆5 mice express the C-terminal Nbs1 p70 protein at low levels but lack a functional N-terminal domain. Nbs1 p70 -containing MRN complexes retain the capacity to associate with DSBs, and to activate Atm and downstream signalling pathways. However, full complementation of Nbs1 −/− mice requires the N-terminal FHA domain, illustrating an unexpected role for the chromatin retention of the MRN complex in vivo.
RESULTS

Human Nbs1 rescues the lethality of Nbs1
−/− mice We used a human bacterial artificial chromosome (BAC 255A7) containing the genomic locus that includes regulatory and coding sequences of the human NBS1 gene 23 Fig. S1 ). Moreover, Atm phosphorylation at Ser 1981 as well as Atm-dependent phosphorylation of hNbs1 and Chk2 occurred normally in hNbs1 BAC transgenic mice (Fig. 1d, e) . We conclude that hNbs1 rescues the lethality of Nbs1 knockout mice and can replace mNbs1 in a functional MRN complex.
A humanized mouse model for Nijmegen breakage syndrome
To model NBS in mice, we used an oligonucleotide BAC recombination method 25 to introduce the 657∆5 mutation into 255A7 while maintaining the integrity of the rest of the BAC. The 657∆5 mutation was confirmed by sequencing (Fig. 1f) , and the mutated BAC was subsequently used to generate transgenic mice that lacked the endogenous Nbs1. Ten founders were produced and bred to create hNbs1 657∆5 mNbs1 −/− mice (abbreviated to hNbs1 657∆5 ), which were born at nearly mendelian frequency. Similar to NBS patient cells, full-length Nbs1 was absent in hNbs1 657∆5 lymphocytes, whereas Nbs1 p70 was barely detectable in thymocytes (data not shown) and present at low levels in activated B cells (Fig. 1g) .
Gonadal abnormalities in hNbs1
657∆5 mice NBS patients appear to show compromised sexual maturation, with impaired development of gonads and ovarian failure in female patients, and there is a delay in the onset of puberty in males (http://www.emedicine.com/derm/topic725.htm).
To determine whether Nbs1 has a role in sexual development, we examined testes and ovaries from hNbs1 657∆5 mice. Mutant testes weighed 30-50% less than littermate controls (see Supplementary Information,  Fig. S2 ). Histological analysis revealed that there was considerable , whereas the hNbs1 primers specifically detect human Nbs1 255A7 BAC transgene (215-bp product). (b) hNbs1 is expressed at similar levels as mNbs1. Thymocyte extracts were blotted with anti-human Nbs1 (specific for human), anti-mNbs1 (cross-reacts with hNbs1) and anti-mRad50 antibodies. (c) hNbs1 interacts with mRad50. Thymocyte extracts from hNbs1 WT BAC-positive andnegative transgenic mice were blotted with anti-mRad50 antibody after immunoprecipitation with an antibody recognizing hNbs1. Levels of mRad50 and hNbs1 (input) in the same extract were analysed by western blotting (WB). (d) Thymocytes were exposed to the indicated doses of ionizing radiation (IR) and cell extracts were analysed by immunoblotting with antihNbs1 and anti-mNbs1 30 min after treatment. hNbs1 and mNbs1 are phosphorylated after irradiation as seen by the mobility shift (p). (e) Atm and Atm substrate phosphorylation is normal in hNbs1 WT BAC-expressing cells. Thymocytes were harvested 45 min after no treatment (0 Gy) or after irradiation (2 or 10 Gy). Phosphorylated Atm and actin was assessed by immunoblotting. Phosphorylation of Chk2 is seen by the mobility shift (p). degeneration and an increase in the number of apoptotic cells in seminiferous tubules in hNbs1 657∆5 mice, which was more severe in adolescent mutant males ( Supplementary Information, Fig. S2 ). Despite a 50% reduction in sperm counts, adult hNbs1 657∆5 males proved capable of producing offspring. The appearance of male germ cells is retarded in hNbs1 657∆5 mice, consistent with delayed puberty in male NBS patients. The ovaries of adult mice were small and devoid of oocytes (Fig. 2) , the uterus had no evidence of oestral cycling, and hNbs1 657∆5 females failed to breed. To determine when oocyte degeneration occurred, we examined hNbs1 657∆5 ovaries at embryonic day 14 (e14) and 1 day after birth. No histological abnormalities were found in ovaries at e14.5, suggesting that mutant oocytes had initiated meiosis (Fig. 2a) . However, newborn ovaries showed fewer germ cell cysts and primordial follicles, indicating a loss of germ cells before birth (Fig. 2a) . Consistent with this, immunofluorescence analysis of meiotic chromosome spreads revealed a severe depletion of diplotene-stage oocytes at birth. Of 726 wild-type nuclei examined, 62% were in pachytene and 38% in diplotene (Fig. 2b, c) . In contrast, most (98%; n = 411) hNbs1 657∆5 oocytes were found in pachytene, as determined by immunostaining for the Scp3/Scp1 proteins (Fig. 2b, c) . The depletion of diplotene-stage oocytes in hNbs1 657∆5 mice provides the first direct evidence that Nbs1 is required for proper meiotic progression.
Impaired T-cell development in hNbs1
657∆5 mice NBS and ataxia telangiectasia patients have decreased numbers of T cells, and Atm −/− mice show abnormalities in T-cell development; these include decreased single-positive T cells, increased thymocytes expressing low levels of surface T-cell receptor (TCR), and specific translocations involving TCR loci 26 . Fig. S3 ; data not shown), and an increase in the relative number of thymocytes that expressed low levels of CD3 (see Supplementary Information, Fig. S3 ). Consistent with a role for Nbs1 in maintaining genomic stability in thymocytes, there was a significant increase in the levels of TCRβ-γ trans-rearrangements ( Fig. 3b ) and in the number of translocations, including those involving the TCRα locus ( Fig. 3c, d ). Altogether, 12% of hNbs1 657∆5 and 14% of Atm −/− T cells showed spontaneous chromosomal aberrations, which included dicentric chromosomes, chromatid breaks, and translocations involving chromosome 14 ( Fig. 3c, d ). Thus, both the T-cell developmental defects and chromosomal abnormalities are very similar in hNbs1 657∆5 and Atm −/− mice.
B-cell development and class-switch recombination in hNbs1 657∆5 mice Using Cre-loxP-mediated recombination, we generated an Nbs1-null mutation (Nbs1 ∆/− ) restricted to B lymphocytes 27 . Nbs1 ∆/− B cells show proliferation defects and a reduction in class-switch recombination (CSR) similar to that found in Atm −/− B cells 28, 29 . To determine whether there was a defect in B-cell development in hNbs1 657∆5 mice, we analysed cells from bone marrow by flow cytometry. We found normal numbers of immature and mature B cells in hNbs1 657∆5 bone marrow (data not shown). Nevertheless, as with NBS patients 30, 31 , the levels of serum IgG1 and IgG3 isotypes were reduced in hNbs1 657∆5 mice (Fig. 4a ). To determine whether the 657∆5 mutation affects CSR directly, we labelled B cells from hNbs1 657∆5 mice and from control mice with carboxy-fluorescein diacetate succinimidyl ester (CFSE), and stimulated the cells with lipopolysaccharide (LPS) alone (to induce CSR to IgG3) or with LPS+IL4 (to induce CSR to IgG1). We found that hNbs1 657∆5 B cells proliferate normally, and that the levels of surface IgG1 and IgG3 were similar in hNbs1 657∆5 and control mice ( Fig. 4b and data not shown). Thus, in contrast to Nbs1 ∆/− B cells 27, 32 , Nbs1 hypomorphic mutant B cells seem to be functionally normal.
Cell-cycle checkpoint defects in hNbs1
657∆5 and Nbs1 ∆/-B cells Cells respond to irradiation by activating the intra-S and G2/M cell-cycle checkpoints. We compared checkpoint responses in wild-type, Atm
, and Nbs1 ∆/− B cells (see Supplementary Information, Fig. S4 ). B cells lacking Nbs1 (Nbs1 ∆/− ) showed a defective intra-S-phase and G2/M cell-cycle arrest that was similar in magnitude to that observed in Atm −/− cells over a dose range of 0.1 to 10 Gy (see Supplementary  Information, Fig. S4 ). In contrast, hNbs1 657∆5 B cells resembled their human NBS counterparts in that they failed to respond to low doses of irradiation, but induced normal checkpoints at high doses of irradiation (see Supplementary Information, Fig. S4 ). We conclude that hNbs1 657∆5 mice resemble human NBS patients in that they retain residual MRN function that is sufficient to signal the presence of DNA breaks.
Cancer predisposition in hNbs1
657∆5 mice Despite the chromosomal instability and checkpoint defects, hNbs1 657∆5 mice were not prone to early tumorigenesis, because none of the 14 hNbs1 657∆5 mice examined over the course of 10 months died of tumours. p53 activation was normal in hNbs1 657∆5 mice (Fig. 5) . To test whether hNbs1 657∆5 cells harbouring chromosomal abnormalities might be eliminated by p53-dependent apoptosis, we crossed hNbs1 657∆5 mice to the p53 −/− background. Thus far, two out of two hNbs1 657∆5 p53
−/− mice died before they reached 3 months of age (Fig. 4d) . In contrast to p53 −/− lymphomas 33 , spectral karyotyping (SKY) and fluorescence in situ hybridization (FISH) analysis revealed that hNbs1 657∆5 p53
−/− were diploid and harboured clonal non-reciprocal translocations and gene amplifications (Fig. 4c, d ). FISH analysis of the B-cell lymphoma revealed that the tumour exhibited complex translocations that contained co-amplified IgHcα and c-Myc sequences. These signature cytogenetic features are shared by B-cell lymphomas that arise in H2AX −/− p53 −/− mice as well as in compound non-homologous endjoining mutant/p53-deficient mice 34, 35 . Thus, hNbs1 657∆5 p53 −/− mice are susceptible to both B-and T-cell lymphomas, suggesting a potential role for p53 inactivation in NBS lymphomagenesis.
DNA damage signalling in hNbs1
657∆5 and Nbs1 ∆/-B cells To examine DNA damage signalling in Nbs1-deficient cells, we exposed wild-type, hNbs1 657∆5 and Nbs1 ∆/− B cells to irradiation, and measured Atm activation and Atm substrate phosphorylation (Fig. 5a ). Nbs1 p70 was present at low levels in hNbs1 657∆5 B cells (Fig. 1g) ; nevertheless, Atm activation, as measured by autophosphorylation at Ser 1981 was only slightly reduced in hNbs1 657∆5 cells (Fig. 5a ). In addition, hNbs1 657∆5 cells showed a partial reduction in the Atm-dependent phosphorylations of Smc1 at Ser 966 and Chk2 (Fig. 5a) . However, the induction of p53 phosphorylation after irradiation was normal (Fig. 5a) . Although a small amount of Nbs1 could be detected in Nbs1 ∆/− B cells (possibly due to incomplete Cre-mediated deletion) 27 , 5 Gy irradiation did not induce significant phosphorylation of Atm, Smc1, Chk2 or Brca1 in Nbs1 ∆/− B cells (Fig. 5a and data not shown). Thus, loss of Nbs1 abrogates both Atm activation and Atm substrate phosphorylation in response to irradiation.
Nbs1 is dispensable for Atr signalling and Atm activation in response to replication stress
The analysis of mitotic spreads indicates that Nbs1 ∆/− B cells harbour a great deal of spontaneous chromosomal damage 27 . Despite the lack of Atm activation, stimulated Nbs1 ∆/− B cells showed a higher percentage of cells with foci for 53BP1 (25% in wild-type (n = 720) versus 48% in Nbs1 knockout cells (n = 501)) and MDC1 (36% (n = 488) in wild-type versus 56% in Nbs1 knockout cells (n = 617); data not shown). Moreover, Nbs1 ∆/− B-cell cultures exhibited elevated levels of p53 as well as p53-Ser 18p and γ-H2AX in the absence of external damage (Fig. 5a, b) . This suggests that Nbs1 is required for signalling and/or repair of DSBs during normal replication.
Because Atr is thought to be the main kinase responding to replication stress, we examined the potential requirement for Nbs1 in Atr-dependent signalling. In contrast to a recent analysis of human NBS cell lines 36 , we found that loss of Nbs1 did not affect the phosphorylation of Chk1 and p53 in cells treated with hydroxyurea (Fig 5b; lower panel) . Thus, absence of Nbs1 does not interfere with Atr signalling. In addition to irradiation, Atm activation is triggered by stalled DNA replication and hypotonic stress 37 . Consistent with this, we found that Atm-Ser 1981p was induced in wild-type B cells after treatment with ultraviolet light, hydroxyurea and aphidocolin (APH) ( Fig. 5c ; upper panels). Even though these treatments produced a considerable increase in DSB formation (as monitored by γ-H2AX; Fig. 5c , upper panels), autophosphorylation of Atm was not impaired in Nbs1 ∆/− cells (Fig. 5c,  upper panels) . Moreover, we found that Nbs1 was also dispensable for triggering Atm-Ser 1981p in response to hypotonic swelling (Fig. 5c,  lower panel) . These results indicate that Nbs1 acts upstream of Atm in response to irradiation, but is dispensable for activating Atm (and Atr) during replication and hypotonic stress.
The association of Atm with chromatin increases in response to DNA damage 11 . To determine whether Nbs1 affects Atm chromatin association, we extracted the soluble (fraction II) and chromatin (fraction III) Atm fractions from stimulated wild-type and Nbs1 ∆/− B cells. In the absence of external damage, similar amounts of Atm were resistant to detergent extraction (chromatin bound) (Fig. 5e) , indicating that Nbs1 is dispensable for the association of Atm with chromatin. After irradiation treatment, we observed a substantial increase in the amount of Atm in fraction III that was dependent on the presence of Nbs1 (Fig. 5e) . In contrast, hydroxyurea treatment of wild-type and Nbs1 ∆/− cells did not detectably alter the retention of Atm relative to unperturbed cells, indicating that Nbs1 is dispensable, both for the activation and association of Atm on chromatin in response to replication damage. Thus, the irradiation-induced activation of Atm at Ser 1981 (Fig. 5a ) and increased Atm chromatin retention are dependent on Nbs1.
Association of Mre11 with DSBs and sites of DNA replication in hNbs1
657∆5 cells In wild-type B cells ( Fig. 6a; left panel) or fibroblasts (see Supplementary  Information, Fig. S4 ), most of the Mre11 is in the nucleus, whereas only 50% of the cellular Mre11 pool is present in the nucleus of NBS lymphoblastoid cell lines (LCLs) 7 and in hNbs1 657∆5 B-cell nuclei ( Fig. 6a ; right panel). In striking contrast, Mre11 was localized exclusively to the cytoplasm in the Nbs1 knockout cells (Fig. 6a; middle panel) . Thus, Nbs1 ∆/− mice were subjected to the indicated treatment, harvested and fractionated as described 11 . Protein (12.5 µg) from fractions II and III was loaded and immunoblotted for Atm, Nbs1 and actin.
is required to transport (or retain) Mre11 in the nucleus, and this function is only partially impaired in hNbs1 657∆5 mice. Because Mre11 is excluded from the nucleus (Fig. 6a) , and Atm is activated in hNbs1 657∆5 cells (Fig. 5a ), we asked whether the mutant MRN complex could still associate with DSBs. DSBs were induced in discrete areas of B-cell nuclei using a laser microbeam 38 , and the assembly of Mre11/Nbsl and γ-H2AX at these sites was tracked by fluorescence microscopy. We found that Mre11 and mutant Nbs1 were rapidly recruited to DSBs in both wild-type and hNbs1 657∆5 B cells (Fig. 6b) . Finally, a phospho-specific antibody to Nbs1 Ser 343, a prominent Atm target site contained within Nbs1 p70 , revealed phosphorylated Nbs1 at DSBs (Fig. 6b) . Consistent with this finding, immunoprecipitation experiments have revealed that Nbs1 p70 is phosphorylated in response to irradiation in NBS LCLs 39 . In contrast, Mre11 was not recruited to the γ-H2AX-positive tracks in Nbs1 ∆/− B cells (Fig. 6b) . Thus, although the N-terminal FHA/BRCT domain is essential for MRN foci formation, it is not required for the initial recruitment of Mre11 or Nbs1 to DSBs. Nbs1 p70 interacts with Mre11 (ref. 7) but is expressed at low levels in hNbs1 657∆5 mice (Fig. 1g) , and so the reduced nuclear pool of Mre11 may not efficiently accumulate at DSBs. Therefore, we quantified the association of Mre11 to laser damage tracks in wild-type and hNbs1
657∆5
MEFs. Whereas both wild-type and hNbs1 657∆5 MEFs exhibited similar levels of γ-H2AX induction in the laser tracks, we consistently observed less accumulation of Mre11 to DNA damage areas in hNbs1 657∆5 cells ( Fig. 7a; data not shown) . Thus, the accumulation of Mre11 to DSBs is less efficient in hNbs1 657∆5 cells. MRN localizes with proliferating-cell nuclear antigen (PCNA) at sites of DNA replication, and it is thought to have an essential role in homologous recombination during S phase 39 . To determine whether Mre11 formed replication foci in hNbs1 657∆5 cells, we used an in situ fractionation technique to examine the distribution of Mre11 relative to PCNAcontaining DNA replication foci 39 . We found that Mre11 colocalized with PCNA in heterochromatic (DAPI-rich) regions in S-phase wildtype cells ( Fig. 7b; upper panel) . Whereas PCNA foci appeared similar in wild-type and hNbs1 657∆5 B cells, the Mre11 staining in hNbs1 657∆5 cells was consistently more dispersed ( Fig. 7b; lower panel) , although the focal accumulation of Mre11 at sites of replication was still detectable ( Fig. 7b; lower panel) . Taken together, our results indicate that the Nbs1 hypomorphic mutation is permissive (albeit less efficient) for MRN complex localization to sites of replication and DNA damage.
Role of the Nbs1 FHA and Mre11 binding domains in vivo
Although we have demonstrated that the MRN complex in hNbs1 657∆5 mice has partial activity, Nbs1 p70 is expressed at very low abundance (Fig. 1g) and it lacks the N-terminal FHA and BRCT domains of Nbs1. In NBS cell lines the N-terminal domain of Nbs1 regulates focus formation, chromatin association and cell survival in response to irradiation, but is dispensable for the nuclear localization of MRN, the activation of Atm, and the intra-S-phase checkpoint 13, 14, [40] [41] [42] [43] . To determine the role of the FHA domain in vivo, we generated an inactivating point mutation at His 45 in hNbs1 (H45A), and then used the mutated BAC to generate transgenic hNbs1 H45A mNbs1 −/− mice lacking endogenous Nbs1 (abbreviated to hNbs1 H45A mice). hNbs1 H45A mice were viable and healthy and expressed the mutant Nbs1 protein at levels comparable to hNbs1 WT mice (Fig. 8a) . As expected, Mre11 failed to accumulate into irradiationinduced foci (IRIF) in mutant cells (Fig. 8b) . Strikingly, female hNbs1 H45A mice, as with hNbs1 657∆5 mice, were sterile and their ovaries were small and lacked oocytes (Fig. 8c) . Moreover, hNbs1 H45A mice exhibited a defect in T cell development, evidenced by an increase in the relative number of cells that expressed low levels of TCRβ (similar to hNbs1 657∆5 mice and less severe than Atm −/− mice) (Fig. 8d) . Thus, inactivation of the FHA domain results in pleotropic defects in vivo that resembles those found in hNbs1 657∆5 mice. To determine whether the Nbs1 FHA domain is critical for DNA damage signalling we examined the response of hNbs1 H45A cells to irradiation. Spontaneous chromosomal instability in unirradiated MEFs was intermediate between hNbs1
WT and hNbs1 657∆5 cells. However, irradiation induced significantly more chromosomal aberrations in hNbs1 H45A relative to hNbs1 WT (Fig. 8e) . Consistent with previous studies 13, 40, 41 , the FHA domain was not absolutely required for Atm activation or Atm-dependent phosphorylation events, because Atm-Ser 1981p and Chk2 phosphorylation was normal in hNbs1 H45A cells irradiated at high doses ( Fig. 8g and data not shown) . Nevertheless, in response to low doses of irradiation (2 Gy), the phosphorylation of Chk2 was impaired (Fig. 8g) . The magnitude of the signalling defect was slightly less severe than hNbs1 657∆5 mice (Fig. 8g) , and correlated with the expression level of mutant Nbs1 (Fig. 8f) . The inability of the FHA domain mutant to signal threshold levels of DNA damage may contribute to the T-cell and oocyte developmental defects in hNbs1 H45A mice. To determine the role of the Nbs1-Mre11 interaction in vivo, we placed three stop codons following amino acid 645 in Nbs1, which produces a truncation that interrupts Mre11 binding to Nbs1. The hNbs1 tr645 mutation was bred into Nbs1 heterozgyous background (hNbs1 tr645 mNbs1 +/− ), which allowed us to confirm the expression of the truncated human protein (Fig. 8a) . hNbs1 tr645 mNbs1 +/− mice were healthy and fertile, but hNbs1 tr645 mNbs1 −/− mice lacking endogenous Nbs1 were not found among 112 offspring analysed from two different hNbs1 tr645 mNbs1
+/− founders. Thus, the Mre11-binding domain is essential for viability. On the basis of the finding that the complete sequestration of Mre11 in the cytoplasm interferes with proliferation 27 , we speculate that one of the essential roles of Nbs1 is to target the MRN complex to chromatin during replication and recombination. 
DISCUSSION
hNbs1
657∆5 mice provide the first model in which a transgenic human locus has been used to accurately reproduce NBS. Although some of the cellular and organismal phenotypes overlap with the previously generated models that express N-terminally truncated forms of Nbs1 (refs 9, 10) , the present data also provide evidence that the incomplete penetrance of the NBS allele arises from the capacity of the mutant Nbs1 to transport Mre11 to the nucleus, to associate with sites of replication and DNA breaks, and to trigger a sub-optimal DNA damage response. Furthermore, this study provides an analysis of the domains of Nbs1 that are critical for viability, genomic stability, oogenesis and T-cell development.
Consistent with the viability of human patients, and through the finding that ectopic expression of a NBS657∆5 cDNA in Nbs1-null MEFs restores cellular proliferation 44 , we have found that physiological expression of the human NBS657∆5 mutation rescues the lethality of Nbs1 . hNbs1 657∆5 mice fully recapitulate the symptoms of NBS patients because they show spontaneous chromosomal instability, immunodeficiency, cancer predisposition and gonadal abnormalities, as well as a reduction in irradiation-induced phosphorylation of Atm substrates and impaired cell-cycle checkpoints.
The recruitment of Mre11 to DSBs is less efficient in hNbs1 657∆5 cells (Fig. 7a) , perhaps because the low levels of the Nbs1 p70 truncated protein allow for only a fraction of total Mre11 in the nucleus. Moreover, the hypomorphic mutation does not completely abrogate the productive interaction of Atm on chromatin because Nbs1 Ser 343 and Chk2 are phosphorylated in hNbs1 657∆5 cells. Thus, in the Nbs1 hypomorphic mutant cells, Atm can be activated and recruited to DSBs.
A recent study identified a region downstream of the Mre11-binding domain at the extreme C terminus of Nbs1 that serves to recruit Atm to sites of DNA damage 8 . The presence of the C-terminal domain within Nbs1 p70 indicates that the recruitment of both Mre11 and Atm to DSBs may be decreased in proportion to the reduced levels of Nbs1. Consistent with this idea is our finding that the irradiation-induced increase in nuclear retention of Atm is abrogated in Nbs1 ∆/− cells but is only attenuated in NBS cells 11 . In contrast to the hypomorphic mutants, in Nbs1 knockout cells Atm activation is abrogated at relatively high doses of irradiation and the magnitude of both the intra-S and G2/M checkpoint defects is similar to Atm −/− cells. However, Atm-Ser 1981p formation in response to replication stress is independent of Nbs1, and for either replication or irradiation damage, the presence of Nbs1 is essential for Chk2 phosphorylation, in agreement with the proposal that MRN increases the affinity of substrates to Atm 12 . What is the molecular basis for these disparate modes of activating Atm when damage is induced within or outside of replication forks? It is possible that a distinct set of adaptors may mediate the activation of Atm in response to irradiation versus replication stress. For example, hydroxyurea-induced activation of Atm was found to be Bloom syndrome protein (Blm)-dependent, whereas the radiomimetic bleomycin induction of Atm-Ser 1981p outside of replication forks was Blm-independent 45 . Defective Atm recruitment to DSBs in NBS cells may be further compounded by the inactivation of the N-terminal FHA domain. We have found that reconstitution of Nbs1 −/− mice with an Nbs1 isoform that disrupts the N-terminal FHA domain, while maintaining normal levels of Nbs1 expression, generates defects in T-cell and oocyte development similar to that found in hNbs1 657∆5 mice. Nevertheless, genomic instability and the impairment in DNA damage signalling are less severe in hNbs1 H45A mice. With the Nbs1 FHA domain being required for IRIF (Fig. 8b) and optimal chromatin retention of MRN complex 42 , and the extreme C-terminal domain being responsible for regulating the recruitment of Mre11 and Atm 8 , both the sustained interaction and initial recruitment of MRN/Atm-Ser 1981p with DSBs is likely to be impaired in hNbs1 657∆5 mice. We conclude that both the reduced levels of Nbs1 p70 and dysfunction of the FHA domain contribute to the pleotropic defects of NBS patients, whereas viability is dependent on the Mre11-binding domain.
METHODS
BAC recombineering. BAC 255A7 (Research Genetics, Invitrogen Corp., Carlsbad, CA) was mutated and mice were generated as described in the Supplementary Information Methods.
MEFs and lymphocyte cultures. Immortalized MEFs were generated and B lymphocytes were cultured and analysed as described 27, 46 .
Laser scissors and western blotting. Generation of DSBs with laser scissors and immunofluorescence detection were performed as described 38 . For western blotting, cells were lysed in TNG buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl, 50 mM β-glycerolphosphate 1% Tween-20, 0.2% NP-40) containing protease inhibitors. Primary antibodies used for immunofluorescence detection and western blotting are described in the Supplementary Information Methods. Biochemical fractionation was performed as described 47 .
Histology, meiotic and mitotic chromosome spreads. Analyses of testes, ovaries and lymphocytes were performed as described in the Supplementary Information Methods. 
